A continuous flow-through system incubated irn situ was used to model oil biodegradation in Arctic coastal waters. High numbers of oil-degrading microorganisms were found in the Arctic coastal waters examined in this study. The microbial community underlying oil slicks increased and showed a population shift to a greater percentage of hydrocarbon-utilizing microorganisms. Microbial populations and oil biodegradation were increased by the addition of nitrogen and phosphorus. Both abiotic and biodegradative losses were lower than expected, perhaps due to the unusually harsh, ice-dominated Arctic summer, during which these tests were conducted. Chromatographic and spectrometric analyses showed that residual oils contained similar percentages of individual components and classes of hydrocarbons, regardless of the amount of degradation, indicating that most components of the oil were being degraded at similar rates.
It is impossible to replicate in the laboratory all the physical, chemical, and biological determinants of any natural ecosystem. Batch cultures have been used to study hydrocarbon biodegradation by many investigators, but these studies are inadequate to predict the fate of oil in a natural ecosystem. Better modeling of oil biodegradation can be achieved by using chemostats that permit a constant influx of nutrients and efflux of products. Pritchard and co-workers, using chemostats, have studied the biodegradation of refined oils and individual hydrocarbons (17, 18) .
Studies on oil biodegradation along the coast of New Jersey have also been conducted with a continuous flow-through system (4) . In the Arctic, the fate of miniature, contained experimental oil spills has been examined in Prudhoe Bay (5) . These studies also have examined the effects of nutrient addition on the rates of oil biodegradation as well as natural oil biodegradation processes.
In the present study, an open flow-through system was constructed and incubated in situ on the coast of the Chukchi Sea at Barrow, Alaska. The system was fed by seawater collected a few meters offshore and was affected by the natural abiotic and biotic factors of that near-shore ecosystem, including fluctuation of temperature, light intensity, wind, and biological populations. Using the flow-through system, we examined the ability of nutrient addition to stimulate oil biodegradation processes and the associated changes in microbial populations.
MATERIALS AND METHODS
Continuous flow-through system. Figure 1 shows a schematic diagram of the continuous flow-through system. A reservoir (A), which held approximately 250 liters of sea water, was filled daily with surface water from the Arctic Ocean collected about 6 to 10 m from shore, where the depth was approximately 2 m. Water was fed from the top of the reservoir by a floating outlet system, providing constant water pressure to a manifold (B) with needle valves that split the flow into different experimental chambers and regulated the flow to give one flushing per day. The first experimental, or growth, chamber (C) was lined with plastic and held 15 (13) . Analysis of oil. Residual oil was extracted from the growth chambers after 51 days with diethyl ether. The sediment from the second experimental chamber was extracted separately. The oil was dried over sodium sulfate and weighed.
Column chromatographic analysis was based on the work of Coleman et al. (6) . One milliliter of oil was placed on a 19-by 300-mm column and packed with 1:1 (wt/wt) silica gel on top of alumina gel. The following fractions were obtained: (i) saturate fraction, 4 volumes of pentane; (ii) monoaromatic fraction, 4 volumes of 5% benzene-95% pentane (vol/vol); (iii) diaromatic fraction, 4 volumes of 15% benzene-85% pentane (vol/vol); (iv) first polyaromatic-polar fraction, 0.66 volume of 20% diethyl ether-20% benzene-50% methanol (vol/vol) followed by 1.5 volumes of methanol; (v) second polyaromatic-polar fraction, 4 volumes of chloroform. The fractions were dried over sodium sulfate and weighed.
Gas-liquid chromatographic analysis was performed with a model 5830A Hewlett-Packard reporting gas chromatograph. Residual oils were adjusted with diethyl ether to the initial volume (150 ml). One microliter of a 1:10 dilution was injected into a 2-m column packed with 10% Apiezon L on Chromosorb W, 60 to 80 mesh. Temperature was programmed at 1000C isothermal for 8 min, at 8°C per minute to 250°C and held isothermal at 250°C for 20 mm.
Nuclear magnetic spectroscopic analysis was performed by Continental Oil Company with a Varion HA/100 nuclear magnetic resonance (NMR) spectrometer. Computerized mass spectral analyses were also performed by Continental Oil, using a CEC 2-103C mass spectrometer to give the weight percentages of 15 classes of hydrocarbons.
RESULTS
Abiotic parameters. Temperature and salinity measurements were taken daily and are shown in Fig. 2 . The temperature varied from 2 to 11°C, with an average of 6.7°C. No seasonal temperature increase was observed. Salinity did, however, increase gradually from 3 to 22% during the summer. This salinity change is typical of coastal Arctic waters and reflects the influence of river runoff and ice melt in the early summer that mixed with saline bottom water in later summer. Total amount of phosphorus in the water phase of the growth chambers is shown in Table 1 . In the control chambers, phosphorus levels were 1 to 3 ,ug atoms P per liter. In chambers with only oil added, the phosphate levels were somewhat reduced. Bacterial populations. Within 10 days, the addition of oil resulted in a rise in the number of CFU per milliliter in the water underlying the slicks as compared with controls ( Fig. 3-6 ). The number of CFU per milliliter in oil-containing growth chambers without added fertilizers was generally about twice that in controls. Addition of fertilizers to the oil resulted in a significant rise of greater than one order of magnitude in the number of CFU per milliliter. The difference between the number of CFU per milliliter in the growth chambers with oil plus WS fertilizers added once and those with only oil reached a maximum after 15 days and decreased thereafter. After 2 weeks, the weekly additions of WS fertilizers did not result in further increases in the number of CFU per milliliter; the greatest number of CFU per milliliter occurred in the chambers receiving weekly WS fertilizer treatments just after the second addition. The addition of oleophilic fertilizers to the oil resulted in elevated levels of CFU per milliliter throughout the experiment, with no apparent return to control levels. No significant differences were observed between mesophilic and psychrophilic-psychrotrophic bacterial populations either in the heterotrophic enumerations or in the oil-degrading bacteria enumerations. Unfertilized chambers showed higher CFU per milliliter on marine agar than on oil agar. Fertilized chambers with WS or oleophilic fertilizers, however, showed the same or higher numbers of oil-degrading CFU per milliliter than heterotrophic CFU per milliliter. Of the 225 organisms selected at random from the oil agar plates, 81% showed the ability to metabolize hydrocarbons.
When WS fertilizers were added once, a sharp increase in bacterial numbers was obtained, followed by a decrease toward the end of the experiment (Fig. 3-6 ). This may have been due to a decrease of available nutrients. The high amounts of total phosphates still measured in these chambers may have been in insoluble and unusable forms. When WS fertilizers were added weekly, or when oleophilic fertilizers were added, higher and more stable numbers of bacteria were obtained. Elevated levels of total phosphates were detected with both of these treatments.
Addition of oil to seawater changes not only the total number of microorganisms, but also the composition ofthe community. The ratios of oil-degrading bacteria, enumerated on oil agar, versus heterotrophic bacteria, enumerated on the marine agar (Fig. 3-6 cantly for oil-degrading bacteria. In fact, addition of oleophilic fertilizers resulted in higher counts of bacteria on oil agar than on marine agar.
Oil residues. The weight of the oil residues and the percentage of loss compared with fresh Prudhoe crude oil after 51 days of exposure are shown in Table 3 . Without added fertilizers, the oil lost about 15% of its weight. This loss appears to be largely abiotic. Treatments with WS fertilizers, either added once or weekly, increased the loss to about 25%. The greatest loss was observed when oleophilic fertilizers were added, 32%. The oil residues were studied by gas-liquid and column chromatography, and the results are shown in Tables 4 and 5 showed that the oil residues had a composition similar to fresh oil (Tables 6 and 7 ). The NMR analysis showed a slight increase in the percentage of branched compounds, as evidenced by the slight increase in the percentage of alpha-H. The mass spectral analysis showed no significant compositional differences, regardless of treatment. DISCUSSION The described flow-through system incubated in situ is a good model for studying oil biodegradation. It reflects natural changes in environmental factors such as temperature, salinity, and variability of natural microbial populations. Such a model is particularly suited for the Arctic, where the chambers produce the same wall-effect naturally produced by sea ice. The Arctic summer of 1975 was particularly cold and lacked offshore winds, which, unlike normal years, resulted in the presence of shorefast ice all summer. We theorize that such sustained cold and lack of air movement resulted in lower biodegradation and abiotic losses ofthe crude oil in this system as compared with other reports (1, 5) .
An increase in bacterial population densities was obtained when crude oil with no fertilizers was added. This indicates that, in the studied area of the Arctic Ocean, organic matter is a primary limiting growth factor. When oil was added, nitrogen and phosphorus became the limiting growth factors. Addition of these two nutrients, either in the WS or in the oleophilic form, further increased the bacterial numbers. Sinusoidal fluctuations were observed in the population densities. This phenomenon was observed earlier, both in batch cultures (10) and in laboratory-controlled continuous cultures (Horowitz and Atlas, unpublished data), when mixed cultures were grown on crude oils. Changes in temperature and salinity showed no correlation with these fluctuations. When crude oil or crude oil plus fertilizers were added, the sinusoidal fluctuations of bacterial populations were of greater magnitude than those of the control chambers. As noted by Mitchell (15) , microbial predators are present in all aquatic ecosystems, and this may account for sinusoidal fluctuations in levels of bacterial populations. Another possible cause of these fluctuations would be competition between microbial populations.
The flow rate of one flushing per day appears to be suitable for this system, and it is within the range suggested by Jannasch (11) . The bacteria were not washed out of the system. Much higher numbers of CFU per milliliter were found in this study in comparison with other reports (3, 5, 7) . This may be due to the coastal site of these experiments. When ice melts at the beginning of the summer, a large amount of terrestrial runoff carries microorganisms and nutrients into these waters. Also during the experiment, extensive ice piling forced ice into the sediment and caused mixing of sediment and water, possibly increasing the number of bacteria in the water column.
Unlike other reports (7, 8, 12, 14) , no degradation preference to any fraction of the oil was observed in this experiment. Examination of the data obtained from gas-liquid and dualcolumn chromatography, NMR, and mass spec-trometry (Tables 4-7) shows no difference in the percentage of the residual oil composition. It appears that regardless of the total amount of degradation, which varied with treatment (Table 3), individual components within the oil were similarly degraded; i.e., after weathering, both general class fractions shown by column chromatography and specific components shown by gas-liquid chromatography retained the same relative percent concentrations. Similar findings have been previously reported (1) . The exceedingly low rates of biodegradation in spite of the very high numbers of bacteria may be due to temperature restrictions or other unidentified nutritional restrictions (18) . Addition of nitrogen and phosphorus fertilizers stimulated biodegradation, as has previously been shown for other environments (4, 5, 9, 18) . The lack of extractable hydrocarbons in the sediment of the second experimental chambers indicates that oil probably was not lost from the system by emulsification.
